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Open access under the ElsThis paper presents experimental results of the accelerating and decelerating ﬂow in the wake of a cyl-
inder obtained by means of hot wire anemometry measurements in a wind tunnel with high blockage
ratio. The analysis was done in Fourier and wavelet spaces. The Strouhal number for Reynolds numbers
up to 3  104 was studied in a transient ﬂow and compared with the results obtained from steady ﬂows
at several velocities uniformly distributed from Re = 1.7  103 to 3  104. Results show that the wavelet
analysis is a valuable tool to deal with both transient and stationary random phenomena and that is able
to capture the characteristics of the transient ﬂow as well as the Fourier analysis can do with the steady
state acquisitions.
 2010 Elsevier Inc. Open access under the Elsevier OA license.1. Introduction
The ﬂow on cylinders and the wake formed behind them is of
great interest and object of many research studies. Single cylinders
as well as cylinder arrangements simulate a wide range of practical
situations, e.g. transmission lines, offshore structures and more
complex arrangements, like tube banks of shell and tube heat
exchangers.
Many articles found in the literature are concerned to equip-
ment integrity, due to the close relationship between ﬂuid ﬂow
around a solid surface or a structural element and the vibrations
induced by the ﬂow in the structure.
In general, ﬂuid ﬂow loads on a structure can be classiﬁed in
static and dynamic loads. The former, due to the mean pressure
variation of the ﬂow along the structure, the latter, associated to
pressure and velocity ﬂuctuations due to vortex shedding and to
the turbulence in the ﬂow.
The ﬁrst article relating frequency (of aeolian tones) and veloc-
ity of the ﬂow over a bluff body was written by Cˇeneˇk (Vincenc)
Strouhal in 1878 [1]. Since 1908, with the works performed by
Bénard [2,3], studies of vortex shedding are found in the literature,
with focus on the behavior of the wake of a single cylinder or two
or more cylinders in steady state [4–9].
Unsteady ﬂow results of ﬂow visualization using Laser Induced
Photochemical Anemometry are presented by Chu and Liao [10] forinos, São Leopoldo, RS, Brazil.
evier OA license.a Reynolds number range from 500 to 3000. Authors made also a
comprehensive literature review.
Experimental results in turbulence are usually characterized by
their mean values and through Fourier analysis, which provide
information about the behavior of steady state phenomena in the
frequency domain. This is not the case of ﬁeld measurements, ex-
treme situation of which would be the case of typhoon winds
[11,12]. In transient ﬂows, besides the variable mean values, addi-
tional phenomena may appear, as the ﬂow velocity changes with
time.
Steady state phenomena are a particular case of the transient
general rule in nature. In engineering applications the steady state
assumption is very useful and feasible in most situations. Nonethe-
less, in some situations a steady state approach may leave unno-
ticed some features of the phenomena.
Wavelets are valuable tools to analyze non-stationary time ser-
ies and their possible singularities [13]. Wavelet transforms were
used in applications such as presented in [14], to investigate the
turbulence homogeneity at several scales, or to obtain power and
cross spectrum, as in [15,16] or to detect coherent structures
[17]. The orthonormal wavelet representation in experimental
and numerical ﬂow data sets was presented in [18]. Attention
was given to single point measurements in steady state ﬂow of a
wake and a boundary layer to underline the capability of wavelets
to demonstrate the intermittence in the smallest scales. For the
interpretation of switching ﬂows, wavelet analysis in addition to
Fourier analysis was used [19,20]. Wavelet transforms were also
used to study the vorticity structure in the far wake downstream
of a cylinder [21,22], transient phenomena in tube banks [23]
and the bistable ﬂows in tube banks [24].
Nomenclature
a scale wavelet coefﬁcient
b position wavelet coefﬁcient
CWT continuous wavelet transform
D diameter – m
DWT discrete wavelet transform
DWPT discrete wavelet packet transform
f frequency – Hz
f ðtÞ mean frequency of the interval – Hz
Fs sampling frequency – Hz
Fw pseudo frequency of the wavelet
j, J scale coefﬁcients of the DWT and DWPT
k position coefﬁcient of the DWT and DWPT
m modulation parameter of the DWPT
Pxxðf Þ Fourier spectrum
Pxxða; bÞ continuous wavelet spectrum
Pxxðj; kÞ discrete wavelet spectrum
Pxxðj;m; kÞ discrete wavelet packet spectrum
Re Reynolds number (U D=m)
S Strouhal number (f D/U)
S(t) transient Strouhal number
t time – s
U velocity – m/s
Ua approaching velocity – m/s
x(t) generic function in time domain
x(f) generic function in Fourier domain
~Xða; bÞ generic function in wavelet domain (continuous)
~Xðj;m; kÞ generic function in wavelet domain (discrete, packet)
~Xðj; kÞ generic function in wavelet domain (discrete)
wðtÞ generic wavelet function
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main, but in many cases it is important to take into account the ef-
fect of the blockage ratio. Ref. [25] presents the study of the
blockage effect on the Strouhal number of a cylinder wake for Rey-
nolds numbers between 104 and 105. Authors show that, for block-
age ratios higher than 6% there is a distinct distortion of the ﬂow
ﬁeld, with complex effects that made unsuitable a correction
method. The conﬁned ﬂow around rectangular cylinders at various
Reynolds numbers and blockage ratios is presented in [26] show-
ing that the Strouhal number and the drag coefﬁcient increase with
the blockage ratio. The effect is more pronounced at lower Rey-
nolds numbers.
In numerical studies, the computational domain is restricted in
order to reduce the computational time and hardware require-
ments. This introduces numerical blockage effects as shown in
[27], where the numerical blockage effects on steady and unsteady
wake of a circular cylinder at Re = 106 and blockage ratios of 5%,
15% and 25% is studied. Results show that the hydrodynamic forces
on the cylinder and the Strouhal number are magniﬁed as the
blockage ratio increases.
The purpose of this paper is to investigate the use of wavelets
applied to the analysis of transient signals. The chosen problem
is the well known wake behind a single cylinder submitted to a
ﬂow. The wavelet results for hot wire anemometry signals on
accelerating and decelerating wakes are compared to Fourier re-
sults obtained from series of measurements of steady state ﬂows
up to a Reynolds number of 3  104. The effect of the blockage ra-
tio, in this case, 16.5%, will also be discussed.
2. Background
The Fourier transform of a discrete time series representing a ﬁ-
nite function x(t) enables the study of the bulk spectral behavior of
the random phenomenon represented by the series and is deﬁned
as:




Indeed, the Fourier spectrum gives the energy distribution of
the signal in the frequency domain evaluated over the entire time
interval:
Pxxðf Þ ¼ jx^ðf Þj2 ð2Þ
An attempt to deal with transient series is the windowed Fou-
rier transform, which performs the Fourier transform on a sliding
segment of the entire time series. However, according to [28],due to the aliasing of high and low frequency components that
do not fall within the frequency range of the window, the win-
dowed Fourier transform is inaccurate for time–frequency localiza-
tion of transient features.
Wavelet analysis is based on the idea of stretching and com-
pressing the window of the windowed Fourier transform, accord-
ing to the frequencies to be localized, thus allowing the
deﬁnition of the scales of interest in time and frequency domains.
While the Fourier transform uses trigonometric functions as basis,
the bases of wavelet transforms are generated through dilations
and translations of a single function named wavelet, wðtÞ with ﬁ-
nite energy and a zero average.





xðtÞwa;bðtÞdt a; b 2 R ð3Þ
where the functions wa;bðtÞ are the wavelet basis. The scale and po-
sition parameters a and b are related to the frequency and time of
the analyzed function. The respective wavelet spectrum is the ma-
trix of the squared wavelet coefﬁcients:
Pxxða; bÞ ¼ j~Xða; bÞj2 ð4Þ
While the Fourier power spectrum, Eq. (2), gives the energy for
each frequency over the entire time domain, in the wavelet spec-
trum, Eq. (4), the energy is related to a given time and scale (or fre-
quency). This characteristic of the wavelet transform allows the
representation of the distribution of the energy of a given signal
over time and frequency domains. This representation is also called
spectrogram.
The continuous wavelet spectrum gives a general view of the
energy distribution of a signal over time and scale and, due to
the inherent redundancy of the CWT, is able to emphasize the sig-
nal singularities. As turbulence analysis results are usually pre-
sented as frequency functions, the correspondence between
frequency and scale should be done. For the present work the cor-
respondence was obtained, according to [29], by:
f ¼ Fw  Fs
a
ð5Þ
where Fw is the pseudo frequency of the wavelet and Fs is the data
acquisition frequency of the signal.
Although the CWT is very useful to pick out some features of the
signal, it is a redundant representation, this leads to the discrete
wavelet transform (DWT) which deals with dyadic scales, and is gi-
ven by:
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t
xðtÞwj;kðtÞ j; k 2 I ð6Þ
where the scale and position coefﬁcients (j, k) are dyadic sub sam-
ples of (a, b).
The DWT can be regarded as a sub sampling of the CWT [30],
with no loss of information.
The discrete wavelet spectrum is deﬁned by:
Pxxðj; kÞ ¼ j~Xðj; kÞj2 ð7Þ
The Fourier transform of a ﬁnite series gives only a ﬁnite num-
ber of coefﬁcients, depending on the length of the time series, and
therefore neglects the coefﬁcients related to the higher frequen-
cies. Nevertheless, these frequencies must be ﬁltered at the acqui-
sition process, to prevent aliasing. In the wavelet transform of a
ﬁnite series, the length of the series also restricts the number of
computable coefﬁcients but, unlike the Fourier transform, the
remaining coefﬁcients are related to the lower frequencies, includ-
ing the mean value of the signal, and cannot be disregarded. In
practice, the DWT of a series with more than 2J elements is com-
puted for 1 6 j 6 J, being J a convenient arbitrary choice. The
remaining part of the signal, containing the mean values for a scale





where /ðtÞ is the scaling function associated to the wavelet func-
tion. Then, any discrete time series with a sampling frequency Fs










where the ﬁrst term is the approximation of the signal at the scale J,
which corresponds to the frequency interval [0, Fs/2J+1] and the in-
ner summation of the second term are details of the signal at the
scales j (1 6 j 6 J), which corresponds to frequency intervals
[Fs/2j+1, Fs/2j]
The DWT is computed via the pyramid algorithm [31]. A modi-
ﬁcation of this algorithm yields the so called discrete wavelet
packed transform (DWPT), where each detail series is wavelet
transformed in two series, with respectively lower and upper half
bandwidth frequency interval. As well as the discrete wavelet
transform (DWT) is a judicious sub sampling of the CWT, dealing
with dyadic scales, the discrete wavelet packet transform (DWPT)
is essentially a modiﬁcation of the DWT, in order to obtain the
decomposition of the signal in successive intervals of equal band-





where the scale and position coefﬁcients (j, k 2 I) are dyadic sub
samples of (a, b) and m is the modulation parameter
In the DWPT, for each level j one can obtain 2j successive inter-
vals of equal bandwidth. This recursive transformation of detailBlower 
Diffuser 
Obs.: Dimensions in mm 
Fig. 1. Schematic view oseries is represented in a binary tree. Any admissible binary tree
can be chosen for the representation of the signal in the wavelet
space, with frequency intervals of unequal bandwidths, according
to the analysis to be done. An admissible tree is any binary tree
where each node has either 0 or 2 branches.
The discrete wavelet packet spectrum is deﬁned by:
Pxxðj;m; kÞ ¼ j~Xðj;m; kÞj2 ð11Þ
where the values assumed by the parameters j, m, and k must fol-
low an admissible tree.
The transient velocity signal was analyzed using wavelet trans-
forms. The CWT was used to construct the continuous wavelet
spectrum. The DWPT was used to decompose the measured signal
in wavelet approximations at successive frequency intervals [23].
Mathematical tools were developed using the Matlab software.3. Experimental technique
The test apparatus, shown schematically in Fig. 1, is a 1370 mm
long rectangular channel, with 146 mm height and a width of
193 mm. Air, at room temperature, is the working ﬂuid, driven
by a centrifugal blower, passed by a diffuser and a set of honey-
combs and screens, before reaching the measurement location
with about 1% turbulence intensity. Blower speed is controlled
by a frequency inverter. The cylinder has a diameter of 32 mm
and is rigidly mounted in vertical position inside the channel.
The incidence angle of the ﬂow on the cylinder is 90. Upstream
the measurement location, a Pitot tube is placed at a ﬁxed position
to measure the steady reference velocity of the experiments. The
geometric blockage ratio is 16.5%.
Velocity and velocity ﬂuctuations were measured by means of a
DANTEC StreamLine constant temperature hot wire anemometer
and single straight probes. One probe was mounted close to the Pi-
tot tube to measure the reference velocity whereas the other was
positioned at the wake, 100 mm downstream the cylinder.
Simultaneous data acquisition of wake and reference velocities
were performed with a 12 bit Keithley DAS-58 A/D-converter
board with a sampling frequency of 800 Hz and a low pass ﬁlter
at 300 Hz.
Two distinct experiments were performed. For the ﬁrst one, the
data sets were acquired in steady state ﬂows at regularly spaced
velocity values. The velocities were adjusted by means of the fre-
quency inverter coupled to the blower. The second experiment
was done in a transient ﬂow. For the transient ﬂow experiment,
the settings of the frequency inverter were adjusted in order to
promote a 10 s constant acceleration interval (by means of a linear
growing of the frequency of the blower from 0 to 60 Hz), 12 s of
constant frequency (and steady state ﬂow) and a 5 s constant
deceleration interval. Due to the blower inertia, the deceleration
interval extended to nearly 10 s and the variation of the average
velocity was not exactly linear, as shown in Fig. 2a, for the interval
after 25 s. The arrangement enabled recording both transients at2000
Screens and 
honeycombs Single tube 
146 
HWA probe Pitot tube 
150 100
f the test apparatus.
Fig. 2. (a) Transient wake velocity and corresponding reference velocity (in white); (b) and (c) reconstruction of the transient wake velocity for successive frequency intervals
with 3.1 Hz bandwidth.
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ating and decelerating processes.
Analysis of uncertainties of the results showed that the error in
the determination of the ﬂow velocity varies from 4.4% for the low-
est velocities to 0.3% for the highest ones. The error in the determi-
nation of the shedding frequencies varies from 1.1% for the lowest
frequencies to 0.1% for the highest ones.4. Results
The ﬁrst step of the experiment was the determination, via Fou-
rier analysis, of the shedding frequency and the corresponding
Strouhal number, deﬁned with the diameter and the approaching
velocity, for each one of the signals acquired in steady state, with
different approaching velocities. The highest shedding frequency
Fig. 3. (a) Wavelet spectrum of the wake velocity data; and (b) detail showing the accelerating part.
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is an acceptable result taking into account the high value of block-
age ratio of the present work, the uncertainty in the velocity mea-
surement and the bandwidth of the frequency determination.
These results were compared with the results of the second exper-
iment, whose analysis is described in the sequence.
The DWT decomposes the signal in successive approximation
and detail sets of coefﬁcients. The scale of the data of each set is
twice as large as the preceding one. The dyadic resultant frequency
bandwidths are too large to give any quantitative detailed informa-
tion about the evolution of the wake frequencies along time. There-
fore, the DWPT was applied to the transient signal (second
experiment). Several wavelet functions were applied and the DB-
20 [32] was chosen as presenting the best relation visualization–
localization for the present case. In Fig. 2, the ﬁrst 7th level recon-
structed series, up to 103.1 Hz, are shown. The series show the
velocity ﬂuctuations at successive frequency intervals, each with
the same bandwidth of 3.1 Hz.
For each frequency interval, departing from 9.4 Hz and follow-
ing the series until 93.8 Hz, two localized jumps of amplitude are
observed, showing the presence of the wake at the corresponding
frequency and at the time locations related to acceleration and
deceleration periods. At the next frequency interval, from 93.8 to
96.9 Hz, the increase of amplitude, which begins near the onset
of steady state velocity, holds until the beginning of the decelera-
tion, denoting the steady state wake. The Fourier spectrum of the
steady part of the signal gives 94 Hz as the vortex shedding fre-
quency. At frequencies above 96.9 Hz, the sequence of increased
amplitudes disappears and only small amplitudes remain evenly
distributed along time. For frequencies lower than 9.4 Hz, the
amplitudes corresponding to the vortex shedding are not visible,
due to the low energy level of the wake.
For the computation of the continuous wavelet spectra of veloc-
ity signals in the wake, Morlet wavelet functions [32] were used.
The choice of the Morlet function among others was done taking
into account the visibility of the results as shown in [17,19]. For
visibility, Fig. 3 shows only the part of the spectrum comprising
the frequencies of the wake (1–200 Hz). In the logarithmic energy
scale, the minor energy levels were truncated to enhance the visi-bility of the wake feature, but the major levels were not truncated.
Fig. 3a is therefore an energy overview of the experiment, showing
the accelerating and decelerating wakes and, between them, the
wake in the time interval where the velocity of the blower was
constant. Fig. 3b presents the details of Fig. 3a concerning the
accelerating period of the experiment. One can see more clearly
that the energy level at the beginning of the experiment is very
weak in comparison with the whole signal, being barely observed.
Besides, Fig. 3b shows the presence of intermittencies on the wake
from 3.5 to 3.8 s, as well as from 6.5 to 6.7 s. This intermittence oc-
curs also in the steady part of the signal e.g. between 9.7 and 10.1 s.
In these locations, the energy value in the corresponding shedding
frequency is comparable to the energy of the remaining scales. This
fact is also observed in the decelerating process (Fig. 3a). Therefore,
the shedding process is not continuous along time, rather it is
intermittent and the shedding frequencies do not follow exactly
a linear path. Indeed, they seem to wander around that path, with
ﬂuctuations of energy levels as well. It is remarkable that, also in
the interval with constant velocity, the frequency and the energy
of the wake ﬂuctuate around the mean value.
The energy and frequency ﬂuctuations of the wake are not ob-
servable at Fourier analysis that presents only average values.
The same occurs with the average values of time averaged wavelet
spectra, obtained by integration over a time interval. The time
averaged wavelet spectra for time intervals of 0.38 s, computed
from the same data of Fig. 3, are displayed in Fig. 4 along with
the Fourier spectra of the steady state signals. The evolution of
the energy of the transient wake with time is observed and can
be contrasted with the spectral results obtained for the sequence
of steady state signals. The velocity indicated at each spectrum is
the average steady incident velocity for the steady state signals,
and is the mean value of the incident velocity at the time interval
for the transient signal. The broad overview of the shedding fre-
quencies evolution is similar for both experiments. The smoother
aspect of the wavelet spectra is due to the evolution of the wake
during the time interval of integration.
Frequencies in problems involving steady ﬂuid ﬂow impinging
on a structure are represented usually in non-dimensional form
as Strouhal number, deﬁned for a cylinder with the diameter and
Fig. 5. Time localization, for a chosen frequency interval, of the transient vortex shedding and respective transient incident velocity.
Fig. 4. (a) Fourier power spectra of the steady state signals; and (b) Time mean wavelet spectra, given for each 0.38 s time interval, computed from data of Fig. 3.
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ilarly deﬁned with the instantaneous mean approaching velocity
and the mean frequency of the interval, f ðtÞ. The instantaneous
mean approaching velocity was obtained from the ﬁrst recon-
structed 7th level set of the DWPT of the reference velocity signal
corresponding to a low pass ﬁlter of 3.1 Hz. The instantaneous
mean frequency is the mean frequency of each 7th level recon-
structed signal of the DWPT.
For each reconstructed series, corresponding to a given fre-
quency interval, the two localized jumps of amplitude denote thetime position of the wake at acceleration and deceleration process
and can be associated with the respective mean approaching veloc-
ity to compute the transient Strouhal number. Fig. 5 shows an
example of the graphical scheme used for determining the mean
frequency and the corresponding mean approaching velocity. The
vortex shedding contributes to the uncertainties in the determina-
tion of the transient Strouhal number, since it does not occur at a
single distinct frequency; instead, the shedding frequency varies
along time in a narrow interval of frequencies within a range of
amplitudes [33], as can be observed in Fig. 3b. Heisenberg’s uncer-
Fig. 6. (a) Strouhal numbers S(t) as a function of Reynolds number; and (b) transient frequency and approaching velocity corresponding to Strouhal and Reynolds numbers of
(a). In both ﬁgures, the dotted vertical lines indicate the lower limit of reliability of the velocity measurements.
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rower frequency bandwidth, because the time localization of the
wake features becomes less accurate [31].
Fig. 6a shows the values of the transient Strouhal numbers S(t)
computed for each series of Fig. 2, as a function of instantaneous
Reynolds number. They are plotted along with the results obtained
by Fourier analysis of the data acquisitions in steady state ﬂows.
The error bars were presented for the Strouhal numbers obtained
from the Fourier analysis of the steady state signals. For the tran-
sient signal, albeit presenting good results, it is difﬁcult to evaluate
the uncertainties of the graphic scheme illustrated in Fig. 5, the
uncertainty principle playing the main role in the problem. The re-
sults for both transient and steady state signals show good agree-ment, indicating that the transient wake behaves as a succession of
steady states. They also allow concluding that: (a) the wavelet
analysis performed in this work is effective for the identiﬁcation
of transient features of the signal and (b) the accuracy of the
time–frequency localization of the wavelet transform is sufﬁcient
to perform such analysis, considering the limitations imposed by
the uncertainty principle.
The unexpected strong increase of the Strouhal numbers at low-
er Reynolds numbers observed in the present results, which is not
in agreement with the traditional results shown in [33,34], can be
attributed to the high blockage ratio of the test section. For Rey-
nolds numbers greater then 1.8  104, the Strouhal number re-
mains almost constant. This agrees with the results of West and
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According to Zˇukauskas [35], depending on the position, the devi-
ation of the ﬂow due to the blockage can increase the velocity
around the cylinder up to 80%. Contribution of the higher uncer-
tainties in velocity measurements below 3 m/s and of the band-
width on the frequency determination can also contribute to the
higher values of the Strouhal numbers below Re = 6000. Reducing
the bandwidth to improve the frequency resolution of Fourier
spectra do not contribute to the improvement of the results, while
the mean statistical errors are increased. The reduction of the
bandwidth in wavelet analysis is limited by Heisenberg’s uncer-
tainty principle [31], as mentioned before.
Nevertheless, the bias of the results is the same for both steady
state and transient measurements and similar values can be ex-
pected. Indeed, the wavelet and Fourier results agree also at this
low range.
The plot of velocity as a function of the frequency, Fig. 6b, shows
the linear behavior that corresponds to the deﬁnition of the Strou-
hal number. The continuous line represents the linear ﬁt of the
steady state results considering only velocities above 8 m/s. Dotted
line is the curve ﬁt extrapolation until axes origin. Experimental
data points below this velocity value lie above the curve, conﬁrm-
ing the increasing values of Strouhal number for the lower Rey-
nolds number range in Fig. 6a.
The present results are complementary to those of Refs. [25–
27], conﬁrming that, for blockage ratio of 16.5% and
Re < 2.5  104, the Strouhal numbers are strongly increased as
the Reynolds number is reduced.5. Concluding remarks
In this work, a discrete wavelet analysis was used to study the
transient behavior of the known phenomenon of a wake behind a
circular cylinder submitted to a turbulent ﬂow.
Steady state phenomena are a particular case of the transient
general rule in nature. In engineering applications the steady state
assumption is very useful and feasible in most situations. However,
some features of the phenomena may remain unnoticed, so the use
of a straightforward methodology of signal analysis that deals with
the transient features and is related with the usual Fourier analysis
was proposed and presented.
In the present work, the transient ﬂows were obtained by sim-
ply turning on and off the frequency inverter who controlled the
blower, thus controlling the duration of the accelerating and decel-
erating processes.
Comparison of the results of the transient Strouhal number with
a succession of steady states demonstrates that the wavelet analy-
sis of the transient signal, obtained at once, from only one data
acquisition, has a close agreement with the results of the set of
data acquisitions at steady ﬂows, with the velocity of the blower
adjusted at regularly spaced values. This yields the conclusion that
the analysis of ﬁeld measurements data can be considerably im-
proved by the use of wavelet techniques. The use of wavelet anal-
ysis is also a time saving technique which can improve the
probability of stable environmental conditions at the entire time
interval of the experiment.
The role of the blockage in experimental apparatus and also in
some practical applications can not be neglected. Despite of the
uncertainties of the results for very low Reynolds numbers for both
Fourier and wavelet analysis, the departure from the usual values
of the Strouhal numbers obtained in the present work is noticeable
and suggests that blockage should be carefully considered in the
analysis of engineering processes and experiments. The results ofthe present work complement [25–27], conﬁrming that, for high
blockage ratios, the Strouhal number increases at low Reynolds
numbers.
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